Objectives: To evaluate serum hyaluronate concentrations relative to air pollution, environmental tobacco smoke (ETS), and respiratory health in Japanese school children. Methods: Respiratory symptoms and serum IgE concentrations were examined in 1037 school children living in four communities in Japan with differing levels of air pollution. Serum hyaluronate concentrations were assayed in 230 children, consisting of all the children who had symptoms of either asthma or wheeze (65 and 50 subjects, respectively) and normal controls adjusted for sex, school grade, and school without these symptoms (115 subjects). Results: Although serum hyaluronate concentrations did not differ for either asthma or wheeze, the concentrations were significantly higher in children living in communities with higher levels of air pollution. Children with asthma or wheeze and those with serum IgE concentrations of 250 IU/ml or above showed differences in hyaluronate concentrations that related to the degree of air pollution in the communities. In children with higher serum IgE concentrations, the hyaluronate concentrations among subjects exposed to ETS were significantly higher than among those without exposure to ETS.
W ith increasing motorisation in Japan, urban air pollution, due mainly to nitrogen dioxide (NO 2 ) and particulate matter less than 10 µm in diameter (PM 10 ), has increased 1 2 and has caused much concern for human health. 3 4 Epidemiological studies so far have primarily focused on the effect of air pollution on respiratory diseases and symptoms. [4] [5] [6] There has long been a need for sensitive biochemical markers to evaluate the effects of air pollution, 3 7 8 but none has yet been identified for this purpose.
Hyaluronate (hyaluronic acid), a glycosaminoglycan, is a connective tissue element in lung parenchyma, involved in the growth and development of the lungs. 9 Increases in hyaluronate concentrations have been noticed during injury and repair processes in lung tissue, suggesting that hyaluronate may be a biochemical marker for lung injury. 10 11 Hyaluronate is present at very low concentrations in serum; the development of an enzyme immunoassay has enabled its concentrations to be determined quantitatively. 12 Serum hyaluronate concentrations have been found to increase in rheumatoid arthritis 13 and chronic liver diseases. 14 In a previous study, 15 we reported that serum hyaluronate concentrations in children living in a district containing major roads used heavily by dumper trucks were increased, compared with those in children living further away from major roads, and that the difference in the hyaluronate concentrations between the two groups was significant in children with higher serum IgE concentrations.
In the present study, we measured both serum IgE and hyaluronate concentrations in school children living in four communities in Japan with differing degrees of air pollution. We then analyzed the relations among these concentrations and residential factors, environmental tobacco smoke (ETS), and respiratory symptoms.
MATERIALS AND METHODS

Subjects
We studied 1526 pupils (grades 3-5; 8-11 years old) from five elementary schools in Japan: one in Osaka City (Osaka), two near the sea in Kimitsu City, Chiba Prefecture (Kimitsu), one in a high region of Chiba Prefecture (Obitsu), and one in Miyazaki Prefecture (Miyazaki). The characteristics of the study population and their environments have been described in a previous report. 16 The average concentrations of atmospheric air pollutants, measured at monitoring stations near the study schools, are presented in table 1. The distances between a school and a monitoring station ranged from 0 to 500 m except for Miyazaki, where the distance was about 15 km, but there are few sources of air pollution in the community. In each case, no difference was found between the environment surrounding the schools and that around the monitoring stations. Osaka had the highest concentrations of all pollutants, followed by Kimitsu, which is located in an industrial region, Obitsu, which has much traffic, and Miyazaki. The concentrations of air pollutants did not change very much during the past decade in these communities. -was sent to all the subjects through their schools, to be completed by parents or guardians. We requested that incomplete questionnaires be completed. Children who had two or more episodes of wheeze accompanied with dyspnoea in the past and who had asthmatic attacks or the need for any medical treatment for asthma in the previous 2 years, as reported in the questionnaires, were considered to have "asthma." Children who had two or more wheezing episodes in the previous 2 years without a history of asthma were considered to have wheeze. In cases where any family member smoked in the presence of the child, the child was considered to have exposure to ETS.
Blood samples were collected from 1037 children between November 1994 and January 1995, after questionnaires and written consent had been returned from their parents. Blood samples collected in the morning were centrifuged on the same day; after total serum IgE concentrations were measured, the serum specimens were stored at −80°C. Subjects whose serum hyaluronate concentrations were assayed for this study consisted of all children who had either asthma or wheeze (65 and 50 subjects, respectively) among the original population (1037 children), and 115 control children without asthma or wheeze. Those controls were matched for sex, school grade, and school, and were selected from the non-symptomatic children (922 subjects). Children who had either fever or cold symptoms on the sampling and the previous days were excluded.
The concentration of total serum IgE was measured with a radioimmunosorbent test and hyaluronate concentrations were measured with a sandwich binding protein assay kit (Chugai Pharmaceutical, Tokyo, Japan). 12 
Data analysis
As the serum concentrations of hyaluronate were roughly log normally distributed, logarithms of the measurements were used for analysis. The results were expressed as geometric means and 95% confidence intervals, which were compared for sex, school grade, asthma or wheeze, serum IgE concentrations, exposure to ETS, and study community.
To analyze the relation between serum IgE, a marker for atopic predisposition, and serum hyaluronate, concentrations of hyaluronate were compared between children with serum IgE concentrations of 250 IU/ml or above and those with concentrations below 250 IU/ml, as described in a previous report. 15 The geometric means of hyaluronate concentrations were adjusted for sex, school grade, asthma or wheeze, serum IgE concentrations, exposure to ETS, and study community using the general linear model. Significance of the difference of hyaluronate concentrations between the study communities was evaluated by Tukey's method. Also, trends in their alterations relative to the degree of air pollution in those communities were evaluated with a linear model that included concentrations of air pollutants (scored 1-4) as an independent variable.
Then, after the children were divided into two groups (children with or without asthma or wheeze, and children with higher or lower serum IgE concentrations), the geometric means of hyaluronate concentrations, adjusted for sex and school grade in each group, were compared relative to exposure to ETS and study communities. Statistical analyses were performed with SYSTAT programs (SPSS, Chicago, IL, USA).
RESULTS
The demographic and health characteristics of the study subjects are shown in table 2. Boys showed a higher prevalence of asthma or wheezing symptoms. The rate of occurrence of higher serum IgE concentrations (250 IU/ml or more) was 83.1% in children with asthma and 66.0% in children with wheeze, whereas it was only 20.9% in children without these symptoms. There were no differences among the three groups for school grade, exposure to ETS, or study communities.
Serum hyaluronate concentrations in children for the variable factors (sex, school grade, asthma or wheeze, exposure to ETS, and study communities) are shown in table 3. Serum hyaluronate concentrations were higher in girls than in boys, and highest in Osaka, followed by Kimitsu, Obitsu, and Miyazaki, the same order as their concentrations of air pollutants. Testing for trends showed that hyaluronate concentration increased significantly with the degree of air pollution in each community. Children living in Osaka and Kimitsu showed significantly higher serum hyaluronate concentrations than those living in Miyazaki. The difference in hyaluronate concentration between children with and without exposure to ETS was not significant.
In table 4 , serum hyaluronate concentrations in children are compared relative to asthma or wheeze, study community, and exposure to ETS, after adjustment for sex, school grade, and serum IgE concentrations, using the general linear model. In children with asthma or wheeze, the hyaluronate concentration was highest in Osaka, followed by Kimitsu, Obitsu, and
Miyazaki, the concentration in Osaka being significantly higher than in Miyazaki. Testing for trends also showed that hyaluronate concentration increased with the concentration of air pollutants in each community. The concentration was higher in children with exposure to ETS than those without, although the difference was not significant. In children without asthma or wheeze, the hyaluronate concentration was highest in Osaka; however, the differences in concentrations among children in different study communities and between children with and without exposure to ETS were not significant. Table 5 shows serum hyaluronate concentrations in children relative to serum IgE concentrations, study community, and exposure to ETS. In children with a higher concentration of IgE, the hyaluronate concentration was highest in Osaka, followed by Kimitsu, Obitsu, and Miyazaki, the difference in concentrations between Osaka and Miyazaki being significant. Testing for trends also indicated that hyaluronate concentrations related to air pollution. The concentration of serum hyaluronate in children with exposure to ETS was significantly higher than in those without. In children with lower serum IgE concentrations, differences in serum hyaluronate concentrations were not significant between children living in different study communities or between children with and without exposure to ETS.
DISCUSSION
The main components of air pollution in urban areas in Japan are NO 2 and PM 10 , emitted predominantly by automobiles.
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Previously, we reported that in a district containing main roads used heavily by dumper trucks, serum hyaluronate concentrations in school children living near major roads were higher than in children living further away from such roads, and that, in children with higher concentrations of serum IgE, hyaluronate concentrations in serum were significantly higher in children living near major roads than in children living at greater distances from roads. 15 In the present study we examined the serum hyaluronate concentrations in school children living in four different communities in Japan, and found that the hyaluronate concentration was higher in children living in areas with high concentrations of air pollution. After adjusting for sex, school grade, and other variables, the serum hyaluronate concentration was also found to be highest in children who lived in Osaka, which had the highest concentrations of air pollutants. Furthermore, the difference in hyaluronate concentrations between children in Osaka and Miyazaki, which had the lowest concentrations of air pollutants, was significant. These findings suggest an effect of air pollution on serum hyaluronate concentrations in school children, consistent with a previous study that showed that serum hyaluronate concentrations were related to the distance of their homes from major roads. 15 Hyaluronate is an acidic mucopolysaccharide composed of alternately polymerised N-acetylglucosamine and D-glucuronic acid. 9 Hyaluronate is found in connective tissue and basement membranes in the body, and participates in the build up of tissue structure. 9 13 After an injury, hyaluronate production is accelerated during the tissue repair process, with a consequential increase in its release into the circulation. 18 Alveolar accumulation of hyaluronate has been shown in experimental models of lung injury, produced by administration of silica 11 or irradiation, 19 indicating that hyaluronate induces collagen gene expression and is relevant to the formation of lung fibrosis. In farmer's lung disease, increased hyaluronate concentrations in bronchoalveolar lavage were associated with impaired pulmonary function. 20 Hyaluronate has been reported to have a protective role against inflammatory reactions 21 22 and has been indicated to be relevant to activation and inflammation of connective tissue. 23 These findings suggest that serum hyaluronate may serve as a biochemical marker for lung diseases. 24 In the present study no difference in serum hyaluronate concentrations was found between children who had asthma or wheeze and children without these symptoms, consistent with our previous report. 15 This may have been due to stabilisation of the respiratory symptoms in the children with asthma or wheeze at the time of examination. 16 Differences in hyaluronate concentrations among different communities were significant in children who had asthma or wheeze, whereas it was not significant in children without these symptoms. In children with IgE concentrations of 250 IU/ml or above, there was a notable association between hyaluronate concentrations and the degree of air pollution, whereas in children with IgE concentrations below 250 IU/ml, no significant association was found. These results suggest that children who had asthma or wheeze and children with higher concentrations of IgE are more susceptible to air pollution, consistent with our previous report, 15 demonstrating that serum hyaluronate concentrations in children with higher IgE concentrations were related to the distance of their homes from major roads. Furthermore, in children with higher IgE concentrations, the difference in hyaluronate concentrations was significant between children with and without exposure to ETS.
The concentration of serum IgE has been used as a marker for atopic predisposition 25 ; this concentration is known to be higher in people with bronchial hyperresponsiveness. 26 Diesel exhaust particles, a principal component of air pollution, have been shown to increase production of human IgE antibodies and to be associated with allergic reactions in the body. 27 28 In Japanese school children, however, no differences in serum IgE concentrations were found among communities, and no effects of air pollution on its concentrations have been detected. 15 29 On the other hand, children who have atopic predisposition have been suggested to be susceptible to environmental factors-such as air pollution and passive smoking. [30] [31] [32] The present findings also suggest that children with asthma or wheeze and children with higher IgE concentrations were susceptible to air pollution and exposure to ETS. No significant difference in serum hyaluronate concentration, however, was found between children who had asthma or wheeze and children without these symptoms, leaving the physiological significance of hyaluronate concentrations unclear.
Shima et al 16 measured acute phase proteins C3c and C4 in the same subjects as in the present study, and reported that these proteins reflected the concentrations of air pollutants. A significant increase of serum C3c has also been detected in residents of areas with high concentrations of air pollution 33 and in boys exposed to ETS. 34 These findings show that air pollution and exposure to ETS can induce an increase of host defence mechanisms. 16 Acute inflammation in the body may cause increased concentrations of several proteins in serum. 35 Children with signs of acute inflammation, such as cold and fever, therefore, were excluded from this study. In the present study we also measured C-reactive protein, a marker for inflammation, and found that the concentration was below the lower limit of detection in most subjects in all communities (data not shown), indicating that the difference in hyaluronate concentrations between study communities was not due to the prevalence of any inflammatory disease.
In conclusion, we have shown that serum hyaluronate concentrations in school children were significantly higher in communities with higher concentrations of air pollutants. Children who had asthma or wheeze and those with serum IgE concentrations of 250 IU/ml or above, in particular, showed greater differences in their hyaluronate concentrations among communities, suggesting their possible susceptibility to air pollution. In children with higher IgE concentrations, serum hyaluronate concentrations were significantly higher in subjects exposed to ETS than in unexposed subjects. The relations between hyaluronate concentrations and air
Main messages
• Serum hyaluronate concentrations were evaluated relative to air pollution, environmental tobacco smoke (ETS), and respiratory symptoms in Japanese school children.
• Serum hyaluronate concentrations did not differ for either asthma or wheeze.
• Serum hyaluronate concentrations were significantly higher in children living in communities with higher levels of air pollution.
• Children with asthma or wheeze and those with serum IgE concentrations of 250 IU/ml or above showed marked correlation between hyaluronate concentrations and degree of air pollution in communities.
• In children with higher serum IgE concentrations, the hyaluronate concentration among subjects exposed to ETS was significantly increased compared with those without exposure to ETS.
Policy implications
• Serum hyaluronate concentrations were related to the degree of exposure to air pollution and environmental tobacco smoke (ETS).
• Children with asthma or wheeze and children with higher IgE concentrations are considered to be more susceptible to environmental factors.
• The relations between serum hyaluronate concentrations and air pollution, exposure to ETS , and other environmental factors should be further clarified.
